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CHAPTER I 
INTRODUCTION 
I.1 White Matter and Myelin  
The mammalian nervous system is mainly comprised of two types of tissue, white and gray 
matter. Neurons are cells that transmit and receive signals to and from the rest of the body and 
are the core component of nervous tissue. To transport signals, axons extend from the neuronal 
cell body in a long projection to provide a pathway to send and receive signals. Myelin, more 
widely found in white matter, is the main difference between the two types of neuronal tissue. 
Myelin is composed of about 80% lipid and 20% protein and forms in a lamellar, membranous 
structure around the axon. In white matter, myelin surrounds the axons of the central and 
peripheral nervous systems (CNS and PNS) in a sheath-like structure, seen in Figure 1 (Morell et 
al., 1989; Trapp and Kidd, 2004; Van De Graff, 2002). The layers of myelin run in a nodal 
fashion along the axon, creating nodes of Ranvier which are small breaks in the myelin. In order 
to increase the speed of action potential conduction down the axon, myelin electrically insulates 
the axons between nodes which creates salutatory conduction from one node of Ranvier to the 
next instead of traversing the entire length of the axon. This is a vital aspect of complex neuronal 
sensory, motor, and behavioral functionality (Laule et al., 2007) The myelin bilayers wrap 
around the neuronal axons creating space between layers which is filled with water as seen in 
Figure 1. This water makes up about 40% of myelin weight. (Morell et al., 1989)   
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Figure 1. Diagram of a myelinated axon along with a close up of the make-up of the lipid bilayers (Laule et al., 2007) 
 
Since myelin can increase conduction 10 to 100 times, demyelinated axons or damage to the 
myelin layers can therefore drastically inhibit neuronal health. The transmission speed most 
effects complex motor and sensory signaling, which leads to neuronal diseases, such as Multiple 
Sclerosis (MS) and schizophrenia. These diseases have been shown to be directly related to the 
health of the myelin content and structure (Davis and Stewart, 2003; Hakak et al., 2001; Trapp et 
al., 1999). Consequently, the ability to quantitatively monitor myelin content and structure would 
be quite advantageous to assess disease progression as well as treatment efficacy (Laule et al., 
2007) 
 
I.2 Current White Matter MR Imaging Techniques 
Magnetic Resonance Imaging has become a technique to probe soft tissue contrast in the brain, 
such as contrast between white and gray matter. While qualitative techniques can detect 
macrostructural differences, such as MS lesions in white matter, these techniques are nonspecific 
to underlying pathology and white matter health. Information obtained from more advanced 
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quantitative techniques can probe more specific microstructure and provide more detailed 
information about the disease and its progression and/or drug treatment efficacy (Neema et al., 
2007).  
As described above, myelin is mainly a lipid structure; thus, having low water content and very 
short-lived signal, making direct imaging of myelin difficult. Therefore, most current techniques 
can only indirectly investigate myelin and axon integrity based on 
1
H measurements. Current 
myelin imaging approaches include qualitative T1-weighted (spin-lattice relaxation) and T2-
weighted (spin-spin relaxation) imaging, as well as quantitative measures from MR Spectroscopy 
(MRS), Diffusion Tensor Imaging (DTI), Magnetization Transfer Imaging (MTI), and Multi-
Exponential T2 imaging (MET2) (Laule et al., 2007). Qualitative MRI techniques along with 
clinical scores are the current basis for clinical analysis of white matter, such as MS diagnosis 
(McDonald et al., 2001; Neema et al., 2007; Sahraian and Eshaghi, 2010). T2-weighted images 
provide highly sensitive contrast based on spin-spin relaxation (T2) differences. In normal 
myelinated white matter, the water trapped in axons and between myelin sheaths has shorter T2 
values compared to gray matter, which causes signal to decay more quickly and provides 
hypointense contrast on T2-weighted images. However, in white matter pathologies, the white 
matter T2 contrast can change.  For example, MS lesions are known to appear as hyperintense 
regions that can be due to various changes such as inflammation, demyelination, gliosis, edema, 
or axonal loss. Normal white matter generally also has a shorter T1 as compared to gray matter 
causing hyperintense signal compared to gray matter on T1-weighted images (Stanisz et al., 
2005). Therefore, lesions can be detected as hypointense regions, or “black-holes” in T1-
weighted images (Sahraian and Eshaghi, 2010).  
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Quantitative imaging techniques offer more specific microscopic information compared to 
qualitative techniques but likely need further understanding and development to reach full 
clinical relevance. MR Spectroscopy provides the ability to detect signal from various 
metabolites in the brain on a microscopic level. This technique could distinguish between various 
pathologies and provide insight of disease mechanisms but cannot measure normal, intact myelin 
(Laule et al., 2007). Diffusion Tensor Imaging is a method that can detect changes in water 
diffusion direction and anisotropy. In the brain, axons are highly directional, creating strong 
diffusion anisotropy with water diffusing axially along the axon much more than radially. If 
there is loss of axonal integrity or demyelination, DTI should detect a change in the diffusion 
anisotropy (Alexander et al., 2007; Goldberg-Zimring et al., 2005). Magnetization Transfer 
Imaging is sensitive to the constant exchange between free water protons and protons attached to 
macromolecules, like myelin. This exchange can be described by a two pool model. When there 
is myelin damage and/or axonal loss, there are fewer macromolecules and exchange is believed 
to decrease, providing contrast in regions of disease (Gochberg and Gore, 2007; Levesque and 
Pike, 2009; Sled and Pike, 2001).  Overall, DTI and MTI provide metrics to describe axonal loss 
and demyelination but are probably affected by the presence of other factors such as gliosis, 
edema, or inflammation (Neema et al., 2007).  
In this and other works, an MET2 imaging sequence is used to obtain a myelin water fraction 
(MWF), which is based on a spin echo pulse sequence seen in Figure 2 (Hahn, 1950; Meiboom 
and Gill, 1958). 
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Figure 2. Multi-exponential T2 experiment pulse diagram. A 90-degree excitation pulse is followed by a train of 180-
degree pulses to sample the T2 decay.  
In spin echo experiments, signal is rotated from alignment with Bo to the transverse plane by a 
90-degree excitation pulse. After excitation, signal dephases with time in the transverse plane; 
therefore, a 180-degree refocusing pulse is applied at time, TE/2, after the 90-degree pulse. The 
refocusing pulse flips the spins and they begin to rephase, which increases transverse signal 
exponentially. Since spins rephase at the same rate as dephasing, after TE/2 from the 180-degree 
pulse, spins are in phase, forming the peak spin echo signal. MET2 data is acquired by repeating 
the 180-degree refocusing pulses every TE numerous times (N times in Figure 2) in order to 
sample the T2 relaxation which decays exponentially in nature. After N echoes are acquired, the 
remaining time of the defined TR is elapsed before acquiring another train of signal. Each echo 
time provides a qualitative T2-weighted image, described above. MET2 measurements have been 
shown to correlate well with sub-voxel water compartments in central nervous system (CNS) 
tissue. Through non-negative least squares (NNLS) analysis (described below) 3 peaks are 
generally found in the T2 spectrum that correspond to intra-axonal water trapped between myelin 
sheaths (T2~10-50ms), extracellular and cytoplasmic water (T2~70-95ms), and cerebrospinal 
fluid (T2>1s) in vivo. This spectrum can be used to obtain a quantitative measure of myelin water 
content, termed Myelin Water Fraction (MWF) (Dula et al., 2010; MacKay et al., 1994; Whittall 
and MacKay, 1989).  
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I.3 Multi-exponential T2 and Non-Negative Least Squares (NNLS) Analysis  
Myelin water imaging (MWI) by multi-exponential transverse relaxation (MET2) provides 
specific information about myelin content and microstructure in white matter (MacKay et al., 
1994). Equation I describes multi-exponential decay in a spin echo experiment, where y is the 
data, M is the number of T2 values to fit, typically 100 as to not bias results, N is the number of 
echoes acquired, and s is the spectral amplitude of each T2 component. Typically, Tj is 
logarithmically-spaced and ranges from a few milliseconds to 500ms to encompass the range of 
expected relaxation times. 
   ∑   
     ⁄
 
   
                                                                     
This can be generalized into a linear system in equation II, 
   ∑     
 
   
                                                                      
where Aij represents a matrix describing exponential decay with N echoes at M possible T2 
relaxation times, respectively. Knowing y and defining A based on the current experimental 
conditions (number of acquired echoes and echo spacing), the vector s can be determined by 
minimizing the least-squares misfit in equation III.  
∑|∑        
 
   
|
 
 
   
                                                                       
 Since noise in the measured data (yi) is inherent, the misfit cannot be reduced to zero. The fitting 
can be therefore be regularized based on the minimum curvature of the spectrum, or the second 
order finite difference, in order to increase reproducibility in return for decreased resolution as 
seen in equation IV.  
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A μ is chosen in order to smooth the fitted T2 spectra so that the chi-squared statistic of the misfit 
is equal to about the number of data points. If it is smaller, then the fit is too accurate and fits the 
noise. If the chi-squared value is much larger, then the data is not being accurately fit. Smoothing 
provides a continuous and physically realistic model of the spectra (Whittall and MacKay, 1989). 
After the most likely spectrum is found, the T2 peaks and the fractional components of the area 
under those peaks in the spectrum can be determined by using the spectrum derivative. From 
this, the Myelin Water Fraction (MWF) is determined by the fractional component of T2 signal 
below a defined T2 threshold based on typical long and short T2 characteristics at respective field 
strengths as seen in figure 3 (MacKay et al., 1994). 
 
Figure 3. T2 spectra from gray matter and white matter regions of interest. White matter has a short T2 peak which 
corresponds to signal from myelin water. 
 
I.4 Extended Phase Graph Algorithm 
Multi-exponential transverse relaxation (MET2) is an important characterization of neurological 
tissue microstructure. However, accurate measurement of MET2 using a standard multi-
exponential NNLS fitting depends greatly on exponential decay with an assumed refocusing flip 
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angle of 180 degrees. However, across a large volume, exponential decay is hampered by 
multiple coherence pathways arising from B1 non-uniformity, which results in stimulated echoes 
in a multiple spin echo sequence. Stimulated echoes are those that do not see full 180 degree 
refocusing pulses. These spins see the original 90 degree excitation pulse and a subsequent 
refocusing pulse, less than 180 degrees. The signal can therefore be returned to the longitudinal 
axis where it does not experience solely transverse relaxation. A later refocusing pulse can then 
return the signal back to the transverse plane, which enhances the exponential signal since these 
spins did not relax as expected. This phenomenon can be seen beginning at the second echo time 
and increasingly as refocusing flip angle decreases as seen in Figure 4.  
 
Figure 4. Stimulated echoes contamination from non-uniform B1 on exponential decay curves. Non-negative least squares 
(NNLS) T2 fitting techniques expect pure exponential decay. 
 
Using NNLS to fit decay curves that exhibit non-exponential behavior, results in improper curve 
fitting and biased T2 values as seen in figure 5 (Hennig, 1991).  
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Figure 5. Exponential fitting with a refocusing flip angle near perfect 180 degrees and much less than 180. the stimulated 
echoes produced by the lower flip angle do not follow the exponential model. 
 
One approach to avoid stimulated echo contamination is through the use of composite pulses. 
These are produced by a series of pulses with varied flip angles designed to produce a     
refocusing pulse that is minimally sensitive to inhomogenous Bo and B1 fields (Poon and 
Henkelman, 1992; Whittall et al., 1997). However, this technique also uses large crusher 
gradients that inherently remove signal from stimulated echoes. In addition, the pulse greatly 
increases the specific absorption rate (SAR) as compared to other shaped pulses. Recently, it has 
been shown that the Extended Phase Graph (EPG) algorithm (Hennig, 1991) can be utilized to 
concurrently fit B1 and multiple T2s from an appropriate multiple spin echo measurement (Lebel 
and Wilman, 2010; Prasloski et al., 2012). 
The algorithm is an iterative method that tracks the phase and orientation of spins, known as the 
Magnetization Phase State Vector (MPSV) throughout a defined pulse sequence. Three phase 
states are identified: dephasing spins in the transverse plane (F), rephasing spins in the transverse 
plane (F
*
), and spins along the longitudinal axis that maintain phase (Z).  The MPSV contains the 
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three phase states for each echo time period, giving a column vector 3 times the number of 
echoes in length, since the maximum phase increments that a spin can accrue is defined by the 
echo train length. The initial magnetization vector (MPSVo), equation V, describes the 
normalized magnetization in the transverse plane prior to relaxation (F1).  
(V) 
Throughout the defined pulse sequence, a series of matrices are applied to the MPSV to 
described changes to spins. The rotation matrix (R), equation VI, determines the effect of an 
applied pulse on spin vectors while the relaxation matrix (E) in equation VII, defines the signal 
decay between refocusing pulses. The transition matrix (T) in equation VIII describes the change 
in phase state of magnetization vectors after a refocusing pulse, whether they continue to 
dephase (F), begin to rephase (F*), or maintain phase on the longitudinal axis (Z). 
(VI) 
 
 
(VII) 
 
 
 
(VIII) 
 
 
 
 
11 
 
The matrices are applied to the Magnetization Phase State Vector (MPSV) from right to left 
according to the pulse sequence, as described in equation IX, which begins as pure transverse 
signal shown in equation V. The signal created by the spin echo is described by the signal in 
MPSVn(1) (equation X).  This represents the spins that were rephasing and have transitioned to 
the dephasing state, which  necessitates a period of coherence and hence a spin echo.   
(IX) 
(X) 
For voxel-by-voxel B1 and T2 fitting, the EPG algorithm utilizes the described matrix 
multiplication to define exponential decay curves based on various T2 values and refocusing flip 
angles. Initially, a basis set of exponential curves are created for all ranges of possible T2s and 
refocusing pulses. The flip angle is fit out by finding the norm-2 sum squared error between the 
experimental decay data and the EPG-defined decay curves for a small number (5-10) of flip 
angles. The base flip angles are linearly spaced for a range of expected flip angles (i.e., 135-180 
degrees), which are appropriate assumptions for B1 and define a range of T2 values and their 
respective curves for each angle. Then, a spline interpolation is applied to the residuals to 
determine the angle of minimum error which corresponds to the most likely refocusing angle that 
voxel saw. Once B1 is determined, the T2 values are found using NNLS as described previously 
based on that B1 and the fitting can be seen in Figure 6 (Lebel and Wilman, 2010; Prasloski et 
al., 2012).  
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Figure 6. Exponential fitting based on the EPG Algorithm at near perfect 180 degree refocusing pulse and much lower (134 
degrees). The EPG Algorithm accurately accounts for the stimulated echoes and properly fits the decay curve unlike 
exponential decay fitting. 
 
I.5 Cramer-Rao Lower Bound Calculations 
Given data measurements, yi with noise, vi, and gi is the estimated value of yi based on model 
parameters the data can be described by equation XI 
    (     )                             (XI) 
Where N is the number of data points and J is the number of model parameters, . If the noise (vi) 
is a random variable, it can be described by a Gaussian-distributed probability density function 
(PDF) with an expected mean of   and variance of σ2.     
      
 
√    
 
    (
   
 
   
 )    (XII) 
Then, yi is also a random variable and can also be described a by a normally-distributed PDF 
      
 
√    
 
    (
             
 
   
 )   (XIII) 
While the PDF describes the probability of certain outcomes as a function of model parameters 
values, the likelihood function describes the likelihood of model parameter values given 
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observed outcomes. In other words, the likelihood function is considering the probability density 
function as a function of parameter space instead of the random variable yi.  Therefore, the 
likelihood function describes the most likely value of θ based on a distribution. If we assume the 
measurements are independent and the added noise follows a Gaussian distribution, then the 
likelihood function is described as  
          
 
√    
     ( 
 
 
∑ (
        
 
)
 
 
   )    (XIV) 
When the likelihood, or equivalent, log-likelihood function used for mathematical simplicity, is 
maximized, an optimal parameter estimator can be chosen by minimizing χ2 defined in equation 
XV.   
   ∑ (
        
 
)
 
 
        (XV) 
To minimize χ2, the function can be differentiated and set to zero to solve for optimal parameters. 
However, if we want to statistically evaluate the estimated parameters, one can consider the χ2 
function with respect to each parameter. The curvature of these functions inversely describes the 
uncertainty of the model parameter. Therefore, we can take the second derivative of  χ2 to 
determine parameter uncertainty. The Fisher Information Matrix (FIM) is then defined as the 
curvature matrix, 
    
 
   
∑
      
   
 
      
   
       (XVI) 
 
where j  and k =1:J.  The FIM describes the amount of information that is known about each 
parameter based on the curvature of the χ2. The parameter covariance matrix can be found from 
the inverse of curvature, or Fisher information matrix, and the Cramer-Rao lower bound of 
variance for each parameter is defined as 
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  [   ]        (XVII) 
where θj is the estimated model parameter. The CRLB defines the maximum precision possible 
based on experimental conditions (Kay, 1993; Van Trees, 1968). 
 
I.6 MWI Motivation and Challenges 
Myelin water imaging (MWI) through Multi-Exponential T2 (MET2) analysis of the water proton 
magnetic resonance signal is an established approach for imaging myelin in brain, spinal cord 
and nerve. Despite that this approach was first demonstrated in humans (MacKay et al., 1994) 
two decades ago, there is a paucity of reports of MWI in small animal. Gareau et al. 
demonstrated MWI in guinea pig brain (Gareau et al., 2000), and a few papers have presented 
MWI in rat spinal cord (Dula et al., 2010; Kozlowski et al., 2008; McCreary et al., 2009), but to 
our knowledge MWI with MET2 analysis has not be effectively applied in rat or mouse brain. 
Does and Gore used MET2 analysis in studies of rat brain in vivo but did not find a reproducible 
myelin water signal from cerebral white matter (Does and Gore, 2002), which was attributed to 
limitations of spatial resolution and signal-to-noise ratio (SNR).  
 If resolution and SNR are the limiting factors, then using higher static magnetic field 
strengths and imaging excised and chemically fixed brains, which permits long scan times, may 
provide the necessary resolution and SNR for effective MWI in rodent brains ex vivo. The SNR 
efficiency when imaging excised tissues can also be increased by loading the tissue with 
paramagnetic contrast agent to reduce T1 (Benveniste and Blackband, 2  2; D’Arceuil et al., 
2007; Johnson et al., 2002). However, both increased B0 and use of paramagnetic agents will 
reduce T2, making the MET2 analysis more difficult, statistically, and so the benefit of either of 
these approaches for MWI is unclear.  
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 In addition to SNR limitations, conventional MET2 analysis (Poon and Henkelman, 1992) 
assumes near perfect B1 refocusing and gradient spoiling of stimulated echoes, which limits 
coverage of multi-slice or 3D acquisitions to highly uniform regions of the transmit RF coil. The 
extended phase graph (EPG) algorithm (Hennig, 1991) can be used to account for B1 variation in 
T2 measurements (Lebel and Wilman, 2010; Prasloski et al., 2012), thereby alleviating this 
restriction. In short, the algorithm fits the effective B1 along with T2, making T2 estimates 
roughly independent of B1.  
 Presented here is an analysis of the effect of gadolinium (Gd), (in the form of Gd-DTPA) on 
T2 of rat cerebral white matter at B0 = 7 T and 15.2 T. With these observations and using a 3D 
multiple spin echo sequence and MET2 analysis incorporating the EPG signal model, 
optimization and demonstration of MWI in excised and fixed whole rat and mouse brains is 
presented. 
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CHAPTER II 
MATERIALS AND METHODS 
II.1 Sample Preparation 
Animal studies were approved by the Vanderbilt University Institutional Animal Care and Use 
Committee. Four adult female Sprague-Dawley rats were anesthetized with isoflurane and 
sacrificed via transcardial perfusion. The perfusion consisted of 1X phosphate-buffered saline 
(PBS) wash followed by 2.5% glutaraldehyde + 2% paraformaldehyde (modified Karnovsky 
solution).  Following perfusion, brains were quickly removed from skull and immersed in the 
fixative solution for 1 week. Brains were then washed with 1X PBS+0.01% sodium azide, 
changing wash 4-5 times over 1 week to remove excess fixative. In one case, 0.5 mM 
concentration of Gd-DTPA (Magnevist; Berlex, Montville, NJ) was included in the perfusate, 
immersion and wash solutions, resulting in relatively uniform distribution of Gd-DTPA through 
the brain. 
 
II.2 Magnetic Resonance Imaging 
Imaging was performed on two systems: i) a 7-T 16-cm horizontal bore Agilent/Varian (Santa 
Clara, CA) DirectDrive scanner, using a 38-mm diameter Litz quadrature coil (Doty Scientific, 
Columbia, SC) for transmission and reception, and ii) a 15.2-T 11-cm horizontal bore Bruker 
(Rheinstetten, Germany) BioSpec scanner, using a 35-mm diameter Bruker quadrature volume 
coil for transmission and reception.  
 First, longitudinal and transverse relaxation was measured in brains with and without Gd, and 
at both 7 T and 15.2 T. For these measurements, low-resolution imaging allowed relatively rapid 
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scans with high SNR, minimal echo spacing, and long repetition times (TR). Longitudinal 
relaxation was measured using a slice-selective fast spin echo sequence with minimum echo time 
and 8 logarithmically-spaced TR values ranging from minimum TR to >3 the expected T1. Slice 
thickness and in-plane voxel dimensions were 500 µm. Transverse relaxation was measured 
using a 3D multiple spin-echo sequence with non-selective excitation and refocusing pulses, 160 
µs and 100 µs in duration, respectively. Each refocusing pulse was surrounded by 428 µs 
duration 6 G/cm amplitude crusher gradients, phase-encoding gradients were rewound after each 
echo, and a two-part (+X/-X) phase cycling scheme was used. With these constraints, secondary 
echoes that were not excited by the initial excitation pulse were removed, and the observed echo 
magnitudes could be computed with the extended phase graph (EPG) algorithm (Hennig, 1991). 
In theory, only crusher gradients or phase cycling is necessary, but better results were found 
when employing both strategies. Sampling of transverse signal decay was achieved with uniform 
echo spacing TE = 3.75 ms, number of echoes (NE) = 60, and receiver bandwidth (BW) = 50 kHz. 
Repetition times were set to be ≈ 3 T1 for each case. Images were encoded in a 64  64  64 
matrix over a 3.2  3.2  3.2 cm3 field of view (FOV).  
 Based on analysis of these low resolution scans (see II.3 Data Analysis), high resolution (250 
µm isotropic resolution) 3D multiple spin echo imaging was implemented using parameters 
estimated to be optimal for MWF estimation in brains loaded with 0 and 0.5 mM Gd, in 4-hr and 
3-hr scan times respectively. Scan parameters for brains without Gd were: TR/TE/NE/BW/NEX = 
1757.8 ms/7.2 ms/37/29.8 kHz/2 at 7 T and TR/TE/NE/BW/NEX = 1757.8 ms/5.5 ms/36/42.6 kHz/2 
at 15.2 T and for brains with 0.5 mM Gd: TR/TE/NE/BW/NEX = 659.2 ms/9.6 ms/19/19.2 kHz/4 at 
7 T and TR/TE/NE/BW/NEX = 659.2 ms/7.0 ms/21/28.4 kHz/4 at 15.2 T. These scans were encoded 
with a matrix size of 128  64  64 over a 3.2  1.6  1.6 cm3 FOV. High-resolution scans were 
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zero-padded to 256  128  128 prior to MET2 analysis. Optimal scans were run three times 
consecutively in order to provide estimates of SNR in the myelin water fraction maps (see II.3 
Data Analysis) 
 
II.3 Data Analysis  
Prior to Fourier reconstruction, k-space data for all images were apodized using a 2D or 3D 
Tukey window with a 0.25 taper-to-window ratio. The low-resolution variable-TR image 
magnitudes from a region of interest comprising the corpus callosum were fitted to a 3-parameter 
mono-exponential function to estimate T1, with and without contrast agent. The longitudinal 
relaxivity of Gd was then computed as r1 = (1/T1Gd-1/T1noGd)/0.5mM and assumed to be the same 
for all brain tissue water. For MET2 analysis, the NE echo magnitudes from each image voxel 
were fitted to a linear combination of signals described by 2 or 3 gaussian-shaped components in 
the log-T2 domain and a refocussing pulse flip angle (), as outlined in the Appendix. Thus, for 
each voxel, five independent parameters were fitted: , fS, T2S, fL, T2L, where subscripts S and L 
indicate the short-lived and long-lived components, respectively.  
  In cases where T2S fell within a certain domain, T2myelin,min ≤ T2S ≤ T2myelin,max, this signal 
component was defined as a myelin water signal, with signal fraction and T2 defined as fM and 
T2M, respectively. Similarly, fIE and T2IE were defined for intra- and extra-axonal spaces from 
signals components with T2IE,min ≤ T2L ≤ T2IE,max. Defining myelin and intra-/extra-axonal water 
signals this way automatically excluded spurious 2
nd
 components when the signal was effectively 
mono-exponential, without having to do both one- and multi-component fits. Domain boundaries 
(T2M/IE,min/max) were determined from typical measured spectra—see III. Results.  
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 Finally, transverse relaxivity was then computed as r2 = (1/T2LGd-1/T2LnoGd)/0.5 mM. In 
principle, one could measure relaxivity in the short- and long-T2 signals independently, but the 
precision of T2 estimates for the long-T2 component is much greater than that of the short T2 
(Stewart et al., 1993; Whittall et al., 1991) and a previous study suggests that loading the tissue 
with Gd affects both components approximately equally (Dortch et al., 2010). Consequently, the 
same r2 value was used for both short- and long-T2 signals. 
 Given these relaxation and relaxivity measures, a predictive signal model for multiple spin 
echo measurements was defined as  
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 (XVIII) 
where n indicates echo number, CGd is the concentration of Gd in the tissue preparation solutions, 
and all other terms are as previously defined. With this signal model and the known relationship 
between image noise variance and receiver bandwidth, the Cramér-Rao lower bounds (CRLB) of 
variance of fM were formulated as a function of TE, NE, TR, CGd, image matrix size, number of 
averaged excitations (NEX), and total scan time (Tscan). Details of this relationship are omitted 
here, but follow a similar prior analysis (Dula et al., 2009) with the addition of a longitudinal 
relaxation term and CGd to the signal equation. Using CRLB calculations, optimal values (for 
minimum coefficient of variation of fM) of TE, NE, and TR were computed assuming a 128  64  
64 image matrix, NEX equal to a multiple of 2 (to provide averaging and the add/subtract phase-
cycle), and a range of total scan times and CGd values. 
 There are a number of ways to analyze the calculations of CRLB of variance of fM. For ease 
of interpretation, the predicted myelin water SNR is defined as M M Mf  , where M is the 
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square root of the CRLB of variance of fM, and myelin water SNR efficiency is defined as 
M M scanT  .  After imaging with optimal parameters, experimental myelin water SNR was 
compared to model predictions and defined as the mean fM from 3 consecutive scans divided by 
the standard deviation of fM between scans for each voxel. From voxel-wise analysis, average 
values of fM, standard deviation, and SNR were found for regions of interest.   
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CHAPTER 3 
RESULTS 
From the low resolution scans, Figure   shows the voxels exhibiting ≥ 5% fM and the average of 
their T2 spectra, with and without Gd, and at both 7 T and 15.2 T. The corresponding measured 
T2M and T2IE values are shown in Table 1 and are generally consistent with literature (D’Arceuil 
et al., 2007; de Graaf et al., 2006; Dortch et al., 2010; Gareau et al., 2000) although there are no 
directly comparable studies. Likewise, the measured relaxivities, both r1 and r2 (measured from 
the long-T2 signals) are consistent with previous literature in value (de Graaf et al., 2006; Rohrer 
et al., 2005) and dependence on B0 (D’Arceuil et al., 2  7; Rohrer et al., 2  5). It is also 
apparent from Table 1 that transverse relaxivity measured from the myelin water component did 
not yield expected results, with values of ≈ 120 s-1/mM at 7 T but close to 66 s-1/mM at 15.2 T, 
thereby supporting the use of long-T2 signals only to estimate r2.  
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Figure 7. Mean T2 spectra (bottom) of voxels with >5% Myelin Water Fraction (fM) (top). At 7T and 15.2T doping with 
Gadolinium (Gd) (dashed) lowers T2 as compared to undoped tissue (solid) as expected. Myelin water cutoff values were found 
from the T2 with the lowest amplitude between the T2,M and T2,IE peaks. 
 
Table 1. Longitudinal and transverse relaxation times (T1 & T2) and corresponding relaxivity values (r1 & r2). Two-
component T1 and T2 peaks and relaxivity measures were found as explained in Data Analysis at 7T and 15.2T for brains loaded 
with 0mM and 0.5mM of Gadolinium (CGd) from voxels with >5% myelin water fraction ( fM) (see Figure 1). 
                    CGd (mM)   
 0 0.5   
 T1 (ms) T2 (ms) T1 (ms) T2 (ms) r1 (s
-1
/mM) r2 (s
-1
/mM) 
7 T 
Myelin Water  13.8 ± 0.5  7.55 ± 0.5   
I/E Water 998 ± 11 67.0 ± 0.6 389 ± 5 49.2 ± 0.7 3.13 ± 0.03 10.78 ± 0.68 
15.2 T 
Myelin Water  10.7 ± 0.6  7.9 ± 0.4   
I/E Water 1498 ± 27 59.3 ± 0.8 482 ± 4 40.3 ± 0.8 2.81 ± 0.02 15.96 ± 0.51 
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 Figure 8 shows a plot of M as a function of CGd at both 7 T and 15.2 T, which predicts that 
both increasing B0 and loading tissue with Gd offer some advantage for MET2 analysis in 
excised and fixed rat brain. CRLB calculations predict maximum M at CGd=0.2 and 0.3mM at 
7T and 15.2T, respectively, with modest improvements in M  up to CGd ≈  .5-0.75 mM.  
 
 
Figure 8. Myelin Water Fraction SNR Efficiency ( M ) versus concentration of Gd doping at 7T and 15.2T. Curves are 
based on relaxivity measures (Table 1) and Cramér-Rao lower bounds (CRLB) of variance calculations of myelin water fraction 
(fM). For each CGd, the maximum M is found for any scan duration. 
 
The relationships between predicted M , total scan time, and CGd are also shown in Figure 3, 
With M  reaching a plateau by ~4 hours (dependent on CGd), Figure 3 demonstrates that as scan 
time increases, the optimal concentration of Gd does not change greatly. Figure 3 also displays 
the increased benefit of contrast agent loading at 15.2T compared to 7 T.  CRLB calculations 
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suggest that the increased T1 at increasing B0 provides more room for benefit from loading the 
tissue with Gd, despite the increase in r2.  
 
 
Figure 9. Model-predicted Myelin Water Fraction SNR ( M ) and SNR efficiency ( M ) versus scan duration at 7T and 
15.2T at several CGd. Curves are based on relaxivity measures (Table 1) and Cramér-Rao lower bounds (CRLB) of variance 
calculations of fM. For each scan duration, the maximum M  and M is found for each CGd. 
 
These observations are further demonstrated in Table 2 with scan parameters and M  for a few 
example scans at each B0. That is, Table 2 shows scan parameters and CGd required for maximal 
predicted M  given 3 different total scan times, plus parameters and scan time for a case of no 
contrast agent. A less intuitive observation from Table 2 is that optimal TE increases with 
increasing CGd—one might expect the opposite, since T2s are reduced. However, as the ratio of 
long- to short-T2 values becomes smaller (i.e,. the two signal components are relaxing at a more 
similar rate) there is a need for increased SNR to separate them in fitting, which is obtained 
through the lower receiver bandwidth afforded by the increased TE  (Dula et al., 2009).  
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Table 2. Optimal acquisition parameters at 7T and 15.2T based on Cramér-Rao lower bounds (CRLB) of variance 
calculations of Myelin Water Fraction SNR ( M ).  
Scan Time 
(hrs) 
[Gd] 
(mM) 
TE 
(ms) 
NE NEX 
fM 
SNR 
7T 
2 0.3 8.6 24 2 18.57 
6 0.2 8.0 37 4 32.46 
12 0.3 8.4 27 10 46.12 
4 0 7.2 37 2 25.26 
15.2T 
2  0.4 6.6 25 2 25.04 
6 0.4 6.6 25 6 43.36 
12  0.3 6.3 28 10 61.94 
4 0 5.5 36 2 30.04 
 
 
 Based on CRLB calculations of M , Figure 4 displays representative high resolution fM maps 
obtained using the optimal predicted 4-hour and 3-hour scan protocols for the case of CGd = 0 
and 0.5 mM, respectively (See II.2 Magnetic Resonance Imaging). At both 7 T and 15.2 T, the fM 
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is ~ 10-15% in most white matter, consistent with similar observation in human brain values 
(MacKay et al., 1994; Prasloski et al., 2012).  
 
 
Figure 10. Myelin Water Fraction (fM ) maps at 7T and 15.2T with 0 and 0.5mM Gd. MET2 data was collected using 
optimal scan parameters (see Materials and Methods) at 7T and 15.2T with CGd=0mM (top) and 0.5mM (bottom). fM was deemed 
the fraction of signal with a peak T2< T2,M (see Figure 1) after MET2 analysis (see Data Analysis). 
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The concurrently fitted B1 maps in Figure 5 from a CGd = 0 mM brain (results were similar at CGd 
= 0.5 mM) are generally smooth with little variation in the axial plane, but show significant 
variation from 180° in the axial direction, as expected for B1 variation that is primarily induced 
by the geometry of the RF coil.  
 
Figure 11. B1 maps from 7T and 15.2T. B1 is found from the Extended Phase Graph (EPG) algorithm (see Data Analysis). B1 at 
15.2T varies more in the axial direction than at 7T and B1 in the central axial plane at both fields is uniformly ~170-180
o, as 
expected. 
 
 Across various scan protocols (with and without doping at both field strengths) fM maps 
qualitatively display similar results. Figure 6 displays mean fM and standard deviation from three 
repeated scans for several regions of interest in the sagittal and axial slices. Mean fM is similar in 
each region between scan protocols, but variation both between protocols and within repeated 
scans, is larger in thinner structures.  
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Figure 12. Region of Interest (ROI) fM values across scans. Similar ROIs were drawn in each region of the brain for the 4 
scans. Three ROIs in the sagittal slice were the middle corpus colosum (Mid CC), Splenium (Spl), and Genu. Three ROIs in the 
axial slice were the CC, external capsule (EC), and internal capsule (IC). 
 
Table 3 shows measured mean fM and M values in a homogenous fM region of the external 
capsule from three repeated scans for each protocol. Model-predicted M  values for the 
measured mean fM are also displayed and show good agreement with experimental values.  
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Table 3. Comparison of M,measured and  M,predicted for mean fM in an ROI in the external capsule.  
      CGd (mM)     
 0 0.5 
7 T 
fM 12.82% 15.08% 
M, measured  26.64 20.62 
M, predicted  25.90 25.76 
15.2 T 
fM 11.54% 16.62% 
M, measured  22.76 30.65 
M, predicted  27.73 38.78 
 
Figure 7 displays axial fM maps from 3 different rat brains, all with CGd = 0 mM. Considering 
different brains may differ slightly in myelin content, Figure 7 shows the consistency of fM 
between field strengths and among brains.  
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Figure 13. fM maps of three different rat brains (A-C) with CGd=0mM at 7T (left) and 15.2T (right). Maps display strong 
similarities between 7T and 15.2T for each brain. Based on similar axial slices, all brains (A-C) show comparable fM maps.  
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CHAPTER 4 
DISCUSSION 
Myelin water fraction is known to correspond to myelin content, however it is of note that the 
nomenclature used here (T2,M, fM, etc.) to determine myelin water fraction is convenient and 
consistent with much prior literature (Laule et al., 2007;  MacKay et al., 1994; K. P. Whittall et 
al., 1997) but should not be interpreted as definitive. Inter-compartment water exchange that 
occurs during transverse relaxation will alter the simple one-to-one relationship between water 
compartments and signal components (Levesque et al., 2010; Dula et al., 2010; Harkins et al., 
2012; Dortch et al., 2013). Relaxation characteristics change with B0; therefore an increased 
understanding of tissue characteristics and subsequent optimization of scan protocols as well as 
MET2 data analysis should enhance confidence in myelin water measurements. Although the 
model used here is simplistic, it is a starting point to analyze the potential use of high fields to 
acquire MET2 data for rodent brain. For example, in a previous study, adding 1mM Gd was 
recommended for optimizing diffusion weighted imaging in ex vivo brains at 4.7T (D’Arceuil et 
al., 2007). To additionally include MET2 acquisition, Figure 2 demonstrates that increasing CGd 
to 1mM would have minimal effect on M , while retaining optimal DTI scan efficiency in ex 
vivo brain tissues.  
 The variations in B1 seen in Figure 5, especially at 15.2T, highlights the importance of 
including B1 fitting in whole brain MET2 studies. For a single axial slice, it is likely that one can 
calibrate effective refocussing to be 170°-180° across the entire slice, as we see from the central 
transverse slices in Figure 5. At this range of flip angles the refocussing is > 99% efficient 
(sin
2
(170°/2) = 0.992), so spoiling the non-refocussed signal will increase apparent transverse 
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relaxation rate by -log{sin
2
(/2)}/TE  < 1 s
-1
 for TE > 7.5 ms (Does and Gore, 2000). However, 
for flip angles of 140, 150, and 160°, the corresponding apparent rate increases with TE = 7.5 ms 
are 16.6, 9.2, and 4.1 s
-1
, respectively. These rate increases shift the T2 spectrum to the left, 
reducing the ratio of long- to short-T2 values and, therefore, result in noisier fM maps. 
Additionally, as  deviates further from 180°, the crusher gradient areas required to effectively 
remove non-spin-echo signals increase. For example, dephasing transverse magnetization by 2π 
across a 250-µm thick slice using a 1-ms crusher gradient requires approximately 100 mT/m 
gradient amplitude, so a multiple spin echo sequence using linearly modulated crusher gradients 
(Crawley and Henkelman, 1987) requires NE/2  100 mT/m peak gradient amplitude. Typical 
gradient systems available on small animal MRI systems have a maximum amplitude of 400 – 
1000 mT/m, making proper spoiling impractical to implement. B1 fitting can account for spatial 
variations in flip angle and reduce effects from these confounding factors in MET2 data.  
 Between the four protocols, fM maps are similar (Figure 4), but perceivable differences 
suggest that comparing fM values should be restricted to data acquired at the same B0 and loaded 
with the same amount of Gd. In addition, MET2 data analysis is an inherently ill-posed inverse 
problem, which makes choice of fitting technique potentially crucial, especially as the data 
becomes more statistically difficult to fit. Initially, high resolution MET2 data was fit using 2-
gaussian components, but results were unexpected with high fM values, especially in the internal 
capsules (Figure 8). When the fit was relaxed to 3-gaussian components, fM maps showed more 
uniform fM values and lower fitting error in previously questionable voxels with no change 
among other voxels. Representative spectra of 2- and 3-gaussian component fits from a voxel in 
the internal capsule region are also shown in Figure 8, displaying the drastic difference in T2 
components and corresponding fM. It is initially intuitive to use 2-gaussian components since we 
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are assuming a bi-exponential model; but, this is a simplification that may not accurately 
describe all voxels. However, not without tradeoffs, increasing the model fit to 3-gaussian 
components increases the required processing time.  
 
 
Figure 14. 2-Gaussian versus 3-Gaussian component fitting. Increasing the number of Gaussian components on the log-T2 
domain to 3, greatly reduced fM in the internal capsules and voxels near borders. The difference in the two spectra from a 
representative voxel (right) displays the decrease in fM as the error of the fit decreased.   
 
 Overall, choice of MET2 fitting and regularization technique is not universal and varies 
among users (Dula et al., 2010; MacKay et al., 1994; Stanisz and Henkelman, 1998). Therefore,  
T2 spectra were estimated and compared from high resolution MET2 data using four different 
methods: the multiple gaussian-component technique used above (See Appendix), two forms of 
regularized non-negative least squares (NNLS) analysis, and unregularized NNLS analysis,  
(Lawson and Hanson, 1974; Whittall and MacKay, 1989). For each MET2 curve fit via NNLS, 
data is fit to a 100-component logarithmically-spaced T2 spectrum from TE/2 to 500ms. In two 
cases, the spectra were regularized to display a more consistent and smooth model in the 
presence of noise based on a minimum curvature or a minimum energy constraint. The 
regularizing parameter was determined automatically using generalized cross-validation (Golub 
et al., 1979) for minimum curvature and was found when the data misfit (χ2 ) reached 2% for 
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minimum energy. Resulting fM maps are displayed in Figure 9 for each fitting technique at 7T 
and 15.2T with and without doping.  
  
 
Figure 15. Myelin Water Fraction (fM ) maps at 7T and 15.2T doped with 0 and 0.5mM Gd using different MET2 data 
fitting techniques. MET2 data was collected using optimal scan parameters (see Materials and Methods) at 7T (top) and 15.2T 
(bottom). fM was deemed the fraction of signal with a peak T2< T2,M (see Figure 1) after MET2 analysis based four techniques: i) 
three Gaussian-components in the log-T2 domain ii) Non-Negative Least Squares (NNLS) regularized with a minimizing 
curvature constraint with regularizing parameter defined by generalized cross-validation, iii) NNLS regularized with a 
minimizing energy constraint with χ2< . 2 where χ2 is the data misfit, and iv) NNLS without regularization.  
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 The fM maps in Figure 9 show similar results across the four fitting techniques with and 
without doping at both field strengths, with less regularization displaying overall higher fM, as 
expected. The multiple Gaussian component fitting and NNLS fitting with minimum curvature 
regularization display the most similar maps with main differences in gray matter regions of 
doped tissue. Figure 9 shows the mean T2 spectra of voxels from CGd=0.5 mM tissue with >5% 
fM at 7T and 15.2T for the four MET2 fitting techniques. The spectra display very similar 
distributions between field strengths in each case, but differences between different fits are 
obvious, especially for the short T2 component.  
 Without a ‘gold standard’, it is difficult to deem which fits are more correct, yet these 
spectra and fM maps display characteristics unique to each technique. When the two signal 
components are relaxing at a more similar rate, the optimal TE becomes longer to better 
distinguish the two peaks. However, this also means there are fewer points in the MET2 data to 
sample the short T2 component before it decays. Figure 10 displays how the NNLS methods fit 
all components of short T2 signal to the shortest fitted T2 value. These findings may exhibit the 
limitations of the model and/or fitting techniques; but overall, it highlights the need for careful 
analysis and further statistical understanding of MET2 analysis, especially as relaxation rates 
become more similar. However, the similarity of maps, regardless of B0 and/or Gd loading for 
each fitting technique shows the ability to obtain consistent information with MET2 analysis in 
various experimental conditions. 
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Figure 16. Mean T2 spectra of voxels with >5% Myelin Water Fraction (fM) at 7T (solid) and 15.2T (dashed) with 0mM 
Gd. Spectra are found from MET2 analysis using the multi-Gaussian technique as well as Non-Negative Least Squares (NNLS) 
fitting regularized with minimum curvature or minimum energy constraints. 
 
 
 
 
 
 
 
 
37 
 
CHAPTER 5 
CONCLUSIONS 
Quantitatively measuring myelin content with MRI using MET2 methods, has been demonstrated 
in human subjects as well as rodent spinal cord, but never in rodent brain. By using a model 
based on inherent characteristics of rat brain tissue at 7T and 15.2T with and without contrast 
agent doping, optimal parameters can be determined and utilized to obtain quality fM maps. 
Although model predictions are likely not perfect, the model provides a means to design 
appropriate experimental protocols, providing useful insight for the use of MWI in rodent brain. 
This work displays similar fM maps at 7T and 15.2T despite inherent field-dependent decreases in 
T2 and increases in T1. In addition, despite further reduction of T2, the addition of contrast agent 
(Gd) enhances SNR efficiency by lowering T1 and achieving similar parameter maps. Despite 
promising results, further improvements in data acquisition and analysis techniques could likely 
enhance results. With numerous abnormal myelination diseases, MRI, specifically MWI, 
provides a tool to visualize the whole rodent brain volume and detect various regions of white 
matter pathology quantitatively across the brain.  
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